Abstract: Peat moss and miscanthus were hydrothermally carbonized (HTC) either individually or co-processed in a different ratio to produce hydrochar. The hydrochar and pelletized hydrochar were then characterized to determine if hydrochar can be used as an alternative to coal to produce bioenergy from existing coal-fired power plants in Ontario that have already been shut down. The properties of carbonized biomass (either hydrochar or pellets) reveal that fuel grade hydrochar can be produced from peat moss or from the blend of peat moss and miscanthus (agricultural biomass/energy crops). Hydrochar either produced from peat moss or from the blend of peat moss and miscanthus was observed to be hydrophobic and porous compared to raw peat moss or raw miscanthus. The combustion indices of carbonized biomass confirmed that it can be combusted or co-combusted to produce bioenergy and can avoid slagging, fouling, and agglomeration problems of the bioenergy industry. The results of this study revealed that HTC is a promising option for producing solid biofuel from undervalued biomass, especially from high moisture biomass. Co-processing of peat moss with rural biomass, a relatively novel idea which can be a potential solution to heat and power for the rural communities/agri-industry that are not connected with national grids and alleviate their waste management problems. In addition, the hydrochar can also be used to run some of the existing coal-fired power plants that have already been shut down in Ontario without interrupting investment and employment.
Introduction
Peat moss has been used as a source of energy in boreal and temperate regions [1] . Presently, most of the harvested peat moss is used for non-fuel application in Canada, especially in horticulture as a soil supplement [2, 3] . Sphagnum (peat moss) biomass can be grown on degraded peatland and can be an alternative to fossil peat for horticultural application as well as to reduce greenhouse gas (GHG) emission [2] . Biomass handling and transportation are the major constraints in a large scale bioenergy industry [4] , which can be minimized if biomass is carbonized, such as hydrothermally carbonized (HTC) and densified [5, 6] . It has also been reported that the strength and combustion characteristics of HTC biomass are better compared with raw and torrefied biomass [7] .
Generally, peat moss decomposes over time and releases nutrients (nitrogen, phosphorus, and potassium); however, it can become a carbon source when decomposition is lower than the above-and belowground accumulation [8] . The accumulation and decomposition rate of peat moss depends on the communities of peat moss [9] . In a natural peatland, biomass accumulation exceeds the
Materials and Methods
Peat moss (Sphagnum) and miscanthus (an energy crop) were collected from the local market and farm, respectively. The samples were stored in the laboratory in air-tight bags and were used to produce hydrochar and pellets.
Carbonization
Peat moss available in the local market is high in moisture content (MC; about 50%), thus peat moss with (T4-T5; i.e., blend of peat moss and miscanthus) or without (T1-T3, i.e., only peat moss) herbaceous biomass as well as only herbaceous biomass (T7) was hydrothermally carbonized (HTC) by using a Parr reactor (600 mL bench top reactor, Moline, IL, USA). Biomass treated at 230-260 • C which is suitable for briquetting/pelletization [7, 31] . A proportional-integral-derivative (PID) temperature controller has been used to control the carbonization temperature to 240 • C for 15, 30, and 45 min. Feedstock (40 g bone dry matter) and water (200-250 g water depending on the initial moisture content of feedstocks) was poured in the reactor vessel and stirred for about 3 min to ensure the complete wetting. After the wetting period, 10 min of standby time was allowed when miscanthus was blended with peat moss in the carbonization process to ensure the wetting of biomass. It was also ensured that the feedstock was submerged in water in the reactor. The reactor was spurged with N 2 gas to make an inert condition, and then the reactor was pressurized with N 2 gas to 1.38 MPa (200 psi) before heating the reactor. Once the temperature rose to the desired carbonization temperature, the carbonization time started accounting. However, the pressure was not controlled and the reactor pressure varied from 1.38-4.83 MPa (200-700 psi) during the experimental periods. After completing the desired carbonization time, the reactor vessel was immediately cooled (5-7 min) to room temperature with the help of cold water. Then the release valve of the reactor was loosened to release the gaseous products. The liquid was separated by using a filter paper (20 µm) and collected for further analysis. The solid portion was dried overnight in a muffle furnace at 105 • C and stored in a zipper bag for further experiments (characterization, pelletization, hydrophobicity).
Proximate Analysis
The proximate analysis was conducted by using the ASTM standards (Moisture: ASTM-E871; Ash: ASTM-E1755; Volatile matter: ASTM-E872). Each feedstock was placed in the furnace (Thermo Scientific-F48055-60, Waltham, MA, USA) and was dried at 105 • C for 16 h. The dried samples were placed in the furnace at 575 • C for 5 h to determine ash content. The volatile matter was measured by burning the samples at 950 • C for 7 min.
Ultimate Analysis
The biomass samples were analyzed with a CHNS-O analyzer (Flash 200 CHNS-O, Organic Elemental Analyzer, Thermo Fisher Scientific, and The Netherlands) based on ASTM D5373-08. The samples were dried at 105 • C for 24 h prior to the ultimate analysis. Then the samples were combusted at 925 • C in a Helium atmosphere, while the reduction was carried out at 650 • C.
Heating Value
The oven dried sample was used to determine the higher heating value (HHV) of the feedstock. The HHV was measured with a bomb calorimeter (IKA-C200, Wilmington, NC, USA). Pure oxygen was used to pressurize the vessel to 3 MPa (30 bar) before being ignited with a cotton thread, and the calorific value of the sample was recorded.
Mass and Energy Yield
The following equations were used to determine the mass and energy yield, and the energy densification ratio of the carbonized biomass.
Mass yield, % =
Mass o f preated biomass Mass o f raw biomass × 100 (1)
Energy densi f ication ratio = HHV o f preated biomass HHV o f raw biomass (3)
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)
The samples were mounted on the surface of a standard aluminum SEM stub with a carbon tape. A Cressington 108 Auto sputter coater was used to coat the samples with a 10 nm gold film to provide the conductivity. The images of samples were collected with a scanning electron microscope (FEI Inspect S50, Japan) at an accelerating voltage of 20 kV with an aperture of 3.5 by an ETD secondary electron detector. The ash samples were mounted on carbon tapes (without gold coating) on the sample holders and the images were collected (four spectrums and the average are reported) with an Oxford X-Max20 Silicon Drift Detector using AZtecEnergy EDX microanalysis software.
Combustion Indices of Hydrochar
Slagging, fouling, and the agglomeration potential of feedstock were determined based on the alkali index (Equation (4)), base to the acid ratio (Equation (5)), and bed agglomeration index (Equation (6)). The alkali index (AI) is calculated from the ratio of the mass of the alkali oxides (K 2 O and Na 2 O) in ash that produced from the feedstock and the energy content (GJ) in each unit of feedstock [32, 33] . BAI relates to the agglomeration of fluidized bed reactors [34] .
Base and acid ratio,
Bed agglomeration index,
Pelletization
The modified Parr single-pellet press (Model #2912) has been used to produce pellets from untreated and treated feedstocks [35, 36] . The modified pelletizer consists of the load cell, piston, cylindrical die, brand heater, die holder, and PID controller. Samples were exposed to room conditions to bring them to their equilibrium moisture content before being used in the pelletization process [36] . The temperature of the die was controlled at 100 • C. The sample was placed on the die and 8.6 MPa (1250 psig) pressure was applied and hold for 30 s [36] . Then the pellet was collected and stored in an air-tight plastic bag for further analysis.
Equilibrium Moisture Content (EMC)
The moisture content of the sample that is in thermodynamic equilibrium with the moisture of the surrounding atmosphere at a given relative humidity, temperature, and pressure is known as the equilibrium moisture content (EMC) of that sample. The raw and carbonized samples were exposed to a controlled environment (humidity 75% and temperature 25 • C) for 24 h [36] . The samples were then dried in an oven at 105 • C for 24 h (16 h) and the moisture content of the samples was determined (Equation (1)).
where, MC = Moisture content of the sample M i = Initial mass of the sample M d = Mass of the oven dried sample
Hardness of Pellets
The hardness of pellets was measured with an Instron Machine (Model #5965) using a cylindrical probe. The probe diameter and load cell were 5 mm and 5 kN, respectively. The test speed was controlled to 0.1 mm/s [37, 38] and compressed to an extension of 2.5 mm. The pellet was horizontally placed at the center of the horizontal plate as well as the center of the probe to measure the peak force ( Figure 1 ) of a single pellet, which is considered to be the hardness of the pellet. 
Durability
Pellets were dropped on a metal plate to measure the durability of untreated and treated biomass pellets. Each pellet was dropped for 4 times from a height of 1.85 m [36, 39] . After dropping, the mass of the pellet was measured. The percentage of mass retained with pellets (with the largest part) after dropping is defined as the durability of pellets.
Results and Discussion

Effect of Processing Conditions on the Compositions of Hydrochar
Usually, peat moss contains high moisture, consequently it has a low energy density (14 MJ/kg) that cannot be used as a fuel or co-combusted in coal-fired power plants. In addition, biomass contains a higher amount of volatile matter, thus, not only does it have poor combustion efficiency and harmful gas emissions, it cannot be combusted with other fuels because of the difference in energy and bulk density [40] . The moisture, volatile matter (VM) and ash content in the collected peat moss were 47.3%, 66.0%, and 6.6%, respectively. On the other hand, miscanthus contained 4.4% moisture, 87.5% VM, and 0.8% ash [36] and the energy density was 18.6 MJ/kg. The components of it in feedstock also varied depending on the types of feedstock (Table 1) . However, VM, ash and fixed carbon (FC) in treated peat moss varied from 52-60%, 6-7% and 33-40%, respectively (Table 1) , depending on the treatment conditions. In the case of treated miscanthus, VM, ash, and FC were 74.5%, 0.9%, and 24.6%, respectively. The proximate analysis of untreated and treated biomass shows that VM reduced in the treated biomass, while FC increased and no significant change was observed in ash content. In contrast, a reduction of ash content in the hydrochar was reported where the hydrochar was produced from miscanthus/corn stalk/sawdust [7, 36] , which might be because of the differences in treatment temperature and type of biomass, which need be confirmed by further study.
Physicochemical properties of treated biomass confirmed that HTC improves the quality of the biomass, which can be used as fuel or maybe co-combusted in the existing coal-fired power plants. The ultimate analysis revealed that carbon content is higher in treated biomass; however, nitrogen and sulfur content was reduced with HTC (Table 2) , thus improves the quality of biomass. It seems that the treatment time has a mild impact on the fuel quality. Pretreated biomass has higher energy density and combustion characteristics compared with untreated biomass [36, 41] . HTC improves the quality of peat moss (i.e., carbonized peat moss can be used in the existing coal-fired power plants) because fuel properties of hydrochar produced from peat moss are found to be similar to those of lignite (Table 2 ). This study also reveals that peat moss can be carbonized with energy crops (miscanthus) or with other biomass to produce fuel grade hydrochar even blended with 75% miscanthus. 
Durability
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Effect of Processing on the Mass Yield, Energy Yield, and HHV
The mass yield of treated peat moss was 70-74%, depending on the treatment time. On the other hand, mass yield was found to be 48-70%, depending on the amount of miscanthus was blended with peat moss. The higher the miscanthus in the feedstock the lower the mass yield, because untreated miscanthus contains a greater amount of VM and part of which was lost during HTC; however, the energy density increased. Although the energy density increased with a greater amount of miscanthus in the blended feedstock, energy yield was found to be slightly lower because of lower mass yield (Table 3 ). The calculated energy yield was 68-89%, depending on the treatment time and the ratio of peat moss and miscanthus. The maximum mass and energy yield was observed in the case of T 1 (when peat moss was treated for 15 min). Therefore, it seems that HTC of peat moss for only 15 min would be the best option to produce fuel grade hydrochar to replace coal, which might enable the production of power from some of the existing coal-fired power plants by using renewable resources without any interruption in investment and employment. 
Effect of Hydrothermal Carbonization on the Equilibrium Moisture Content (EMC)
The equilibrium moisture content (EMC) of untreated samples varied from 14.6-15.6%. On the other hand, the EMC varied from 5.1-9.5% in the case of treated biomass. The higher EMC was observed in the case of untreated samples compared with treated samples (T 1 -T 7 ), because of the reduction of the moisture absorption capacity of the hydrochar [45] . The EMC of the samples decreased because of the carbonization treatment, which reduces volatile matter and decomposes hemicellulose and lignin, thus improving the hydrophobicity of the treated samples [36, 46, 47] .
Hardness and Durability of Pellets
The HTC process alters the physicochemical properties of biomass, thus it eases the grinding process compared with untreated biomass. In addition, the densification process improves mass and energy density of feedstock [48] , easing the handling and transportation of feedstock such as pellets. Figure 2 represents the pellets produced from treated and untreated samples. The hardness of pellets decreased because of the HTC treatment and depends on the treatment time. It seems that the longer the treatment time the lower the hardness of pellets, and pellets produced from the untreated sample had greater hardness compared with the treated sample ( Table 4 ). This table also shows that the collapsing time and extension reduced in the case of pellets produced from treated biomass compared with untreated one. The decomposition of hemicellulose and lignin reduces the binders and solid bonds between the carbonized particles, and thus there are more pore spaces that promote relative movements of particles, which result in lower strength [46] . The EMC of the sample might play an important role in the hardness of the pellets [49, 50] as it works as a lubricant and binder during the pelletization process [51] . It has also been reported that the strength is dependent on the moisture content, species of biomass, and the pelletizing pressure [37] . The hardness of pellets produced from untreated peat moss was observed to be greater than that of the carbonized samples either only from treated peat moss or from the blend of peat moss and miscanthus. Carbonized biomass contains a lower amount of chemically bonded water and compounds that have a low melting point that acted as a binding agent during pelletization at around 100 °C, thus it affects the strength of pellets from carbonized samples [57] . The lignin in the biomass soften when heated and enhance the binding characteristics of materials during pelletization [58] ; however, natural lignin does not have an effect if the HTC temperature is controlled to less than 260 °C [59] . It is also noted that the natural binders create solid bridges between particles during the pelletization, thus increasing the hardness [60] and the durability of the pellets. The durability of pellets produced from untreated samples was greater than the pellets from carbonized samples [56] , consequently, pellets from untreated peat moss have higher durability (Table 4 ). In addition, the durability of pellets seems to be dependent on the treatment times and the ratio of peat moss and miscanthus. The durability of pellets decreased with the increase of miscanthus in the feedstock. The optimum moisture content of co-pelletization is reported to be 10-15% [51] . Untreated samples have higher EMC thus may have influenced the hardness of pellets except the pellets produced from carbonized miscanthus, which is consistent with other studies [36] . In addition, the co-carbonization and subsequent pelletization might affect the hardness of the pellets [46] ; however, the hardness tends to be influenced by the ratio of the samples that were co-pelletized. The pellets from co-pelletized samples had a lower hardness [51] compared with peat moss only. The pellets produced from the co-carbonized samples have greater hardness compared with pellets that are produced from miscanthus only, but not the pellets from the peat moss. The decomposition of hemicellulose and depolymerization of cellulose along with the softening of lignin [52] caused by the HTC process improves the friability [36, 47] . The strength of the pellets also decreased with the severity of carbonization (200-350 • C) [53] ; beyond this temperature, the strength increased [54, 55] . In contrast, the durability of engineered pellets noted to be increased with the increasing fraction of hydrocarbon [56] .
Carbonized biomass contains a lower amount of chemically bonded water and compounds that have a low melting point that acted as a binding agent during pelletization at around 100 • C, thus it affects the strength of pellets from carbonized samples [57] . The lignin in the biomass soften when heated and enhance the binding characteristics of materials during pelletization [58] ; however, natural lignin does not have an effect if the HTC temperature is controlled to less than 260 • C [59] . It is also noted that the natural binders create solid bridges between particles during the pelletization, thus increasing the hardness [60] and the durability of the pellets. The durability of pellets produced from untreated samples was greater than the pellets from carbonized samples [56] , consequently, pellets from untreated peat moss have higher durability (Table 4 ). In addition, the durability of pellets seems to be dependent on the treatment times and the ratio of peat moss and miscanthus. The durability of pellets decreased with the increase of miscanthus in the feedstock.
The SEM images confirmed that the HTC process has a significant impact on the structure of biomass. HTC reduces the hemicellulose and cellulose contents in hydrocahr compared with the untreated biomass [31] . The reduction of hemicellulose and cellulose results in the porous structure of hydrochar. The untreated biomass has a well-defined structure (Figure 3 : 0 , MS) which has been changed to be a porous structured biomass; i.e., hydrochar (Figure 3 : T 1 , T 4 -T 6 ). It is worthy to mention that a porous structure was observed in hydrochar even with 75% miscanthus was blended in the feedstock (the blends contain 25%, 50%, and 75% miscanthus in T 4 , T 5 , T 6 , respectively). Consequently, the porous structure of hydrochar samples can improve the contaminant adsorption capacity, thus it can be a potential source for wastewater treatment [61, 62] and broaden the scope of hydrochar for commercial application. 
Effect of HTC on the Combustion Indices of Hydrochar
Most of the lignocellulosic biomass is rich in inorganic components (Ca: calcium, Mg: magnesium, P: phosphorous, K: potassium, Na: sodium, S: sulfur, and Fe: iron), especially agricultural biomass (Table 5) . Usually, these elements are left, and from their oxides that occur during combustion they are responsible for fouling, slagging and agglomeration, and are also corrosive [63] . It seems that the HTC process enables the production of a hydrochar that has a porous structure [64] , which might have prompted the leaching of some of the alkali and alkaline metals [31, 63] , and thus produced a lesser amount of oxides (Table 5 ). The concentration of chemicals (oxides) decreased if treated in HTC processes; however, the oxides concentration depended on the ratio of peat moss and miscanthus. The higher the ratio of miscanthus and peat moss, the greater the oxides may be because of the presence of a higher amount of alkali and alkaline metals in untreated 
Most of the lignocellulosic biomass is rich in inorganic components (Ca: calcium, Mg: magnesium, P: phosphorous, K: potassium, Na: sodium, S: sulfur, and Fe: iron), especially agricultural biomass (Table 5) . Usually, these elements are left, and from their oxides that occur during combustion they are responsible for fouling, slagging and agglomeration, and are also corrosive [63] . It seems that the HTC process enables the production of a hydrochar that has a porous structure [64] , which might have prompted the leaching of some of the alkali and alkaline metals [31, 63] , and thus produced a lesser amount of oxides (Table 5 ). The concentration of chemicals (oxides) decreased if treated in HTC processes; however, the oxides concentration depended on the ratio of peat moss and miscanthus. The higher the ratio of miscanthus and peat moss, the greater the oxides may be because of the presence of a higher amount of alkali and alkaline metals in untreated miscanthus compared with peat moss. Consequently, HTC can be a promising option to improve the combustion properties of biomass which can replace coal in the energy industry. Note: * Untreated miscanthus [19] .
The AI, base to the acid ratio (R b/a ) and BAI of hydrochar varied from 0.00001-0.00017, 0.42282-2.61941, and 0.49275-3.84167, respectively, depending on the ratio of peat moss and miscanthus. The least indices were observed in cases of biochar that was produced only from peat moss. Vamvuka & Zografos [33] noted that a fuel may or may not cause slagging or fouling if its AI varies from 0.17-0.34 kg/GJ; however, beyond this range, fouling or agglomeration occurred [65] . On the other hand, bed agglomeration takes place if BAI is lower than 0.15 [34] . This study confirmed that the fuel properties of both biomass (peat moss and miscanthus) can be improved by the HTC process and reduce the fouling, agglomeration, and slagging in the combustion process to produce heat and power from hydrochar. However, the hydrochar produced from only peat moss seems to have better combustion indices compared to either hydrochar from miscanthus or from the blend of peat moss and miscanthus (Table 6 ). The AI, Rb/a and BAI of raw miscanthus were 0.145-0.359, 0.466-0.701 and 0.012-0.02, respectively, depending on fertilizer application (0-80 kg/ha) and harvesting season (Fall/Spring), which may or may not be suitable [32] . Therefore, the HTC process can be used to improve the fuel quality of high moisture biomass and replace coal or co-combusted with coal in existing coal-fired power plants without interrupting the investment and employment in heat and power industry. 
Conclusions
Hydrothermal carbonization of peat moss seems to be a promising option to produce hydrocarbon because of its high moisture content (MC) and improve the fuel characteristics of biomass. This study also revealed that herbaceous biomass can be co-carbonized for producing fuel-grade hydrochar that can have properties such as lower grade coal. The energy content in carbonized biomass varied from 25-28 MJ/kg, and the energy yield varied from 68-89% depending on the treatment conditions. The slagging, fouling, and agglomeration indices also revealed that hydrochar can be combusted or co-combusted and can avoid slagging, fouling and agglomeration problems in the bioenergy industry, because alkali and bed agglomeration indices were found to be 0.00001-0.00017 and 0.49-3.8, respectively. The hydrochar produced either from only peat moss or the blend can replace coal, and produce power from some of the existing coal-fired power plants in Ontario (which have already been shut down in an attempt to phase out coal) without interrupting investment and employment.
Author Contributions: P.R. has conducted the study. He was supervised by A.D. and J.G.
